The nitrous oxide test for the detection and localization of left-to-right shunts has previously been studied clinically. Further experience with the method has shown that a higher N20 concentration and an earlier sampling period result in a larger arteriovenous N20 difference that increases the sensitivity of the test and further minimizes the importance of possible analytic errors. In addition, a method is described of Seventy-eight tests were performed on 63 patients without left-to-right shunts. Forty-five of these control patients had rheumatic heart disease; the others had various forms of congenital heart disease without a shunt or were children with normal hearts and functional murmurs. Seventy-two tests were carried out in 35 patients with left-toright shunts. Of these, 16 had atrial septal defects, 15 ventricular septal defects and 2 had patent duetus arteriosus. Of the 2 remaining patients one had an aorticopulmonary window and the other a fistula between the right coronary artery and the right atrium. All patients had confirmatory evidence of the presence or absence of a shunt: in the majority of patients the diagnosis was confirmed at operation, and in the others by other studies including aortic catheterization, right and left iianner. The tip of a cardiac catheter was placed in a right heart chamber or the main pulmonary artery, and a needle was inserted into a systemic artery. The patient was then instructed to breathe deeply a mixture of 50 per cent N20, 20 per centO, and 30 per cent N, for 30 seconds.* Integrated blood samples were drawn simultaneously from the catheter and needle during the last 20 seconds of inhalation at the rate of 1 ml. every 4 seconds. The gas was administered through a 3-way valve and either a face mask or mouthpiece. The blood samples were capped and analyzed manometrically for NA) content.9
THE usefulness of the nitrous oxide test in the detection and localization of left-to right circulatory shunts has been estab- lished."1 2 The test takes advantage of the large arteriovenous difference following inhalation of an inert gas. In the technic originally described, 15 per cent N20 was inhaled for 60 seconds as integrated blood samples were drawn simultaneously from the pulmonary artery or a right heart chamber and a systemic artery. The presence or absence of a left-to-right shunt was indicated by the ratio of the N20 content of right heart or pulmonary arterial blood to that of systemic arterial blood. The superiority of this test over the method of determining 02 differences was shown in 148 patients in whom both technics were employed.
The experience with 15 per cent N20 and the 60-second sampling period indicated that in some patients an adequate arterial level was not achieved while in others, particularly in children, a rapidly rising venous level had decreased the arteriovenous difference by the end of this period of time (figs. 1 and 2). Ac- cordingly, studies were undertaken to evaluate different N20 concentrations and various sam- pling periods; these have led to an improved method of performing the N20 test. In addiFroim the Clinic of Surgery, National Heart Institute, Bethesda 14, Md. 856 tion to the detection and localization of leftto-right shunts, the results of the N20 test can be used to estimate their magnitudes. This method for quantification as well as the modifications of the original N20 test are described in the present report.
MATERIALS AND METHODS
In 98 patients, 150 satisfactory N20 tests were performed. With 4 exceptions, all patients had pulmonary artery N20 tests; in addition, 30 patients had right ventricular tests and 26 had right atrial tests. Sixty-nine of the tests were performed on children under 15 years of age and the remaining 81 on adults.
Seventy-eight tests were performed on 63 patients without left-to-right shunts. Forty-five of these control patients had rheumatic heart disease; the others had various forms of congenital heart disease without a shunt or were children with normal inhalation. The percentages refer to the N2O content of pulmonary arterial blood expressed .s a percentage of the systemic arterial content at that time. There is a long delay before the venous content rises, and it is onlly 9 per cent of the arterial content at the end of the first minute. iianner. The tip of a cardiac catheter was placed in a right heart chamber or the main pulmonary artery, and a needle was inserted into a systemic artery. The patient was then instructed to breathe deeply a mixture of 50 per cent N20, 20 per centO, and 30 per cent N, for 30 seconds.* Integrated blood samples were drawn simultaneously from the catheter and needle during the last 20 seconds of inhalation at the rate of 1 ml. every 4 seconds. The gas was administered through a 3-way valve and either a face mask or mouthpiece. The blood samples were capped and analyzed manometrically for NA) content. 9 At least 5 and preferably 10 minutes were allowed for N,0 desaturation before a test was repeated in another heart chamber. A blood speci- patients. This value was found to be 6 ± 6 per cent of the arterial level. The M20 Co11-tent of shiitite 1)0lood(1 may be considered to be essentially the samne as that of arterial blood.
The N20 concentration in blood distal to the shunt (usually sampled from the pulmonary artery) reflects the mixing of systemic and shunted flows. Since the pulmonary arterial concentration is measured and the other 2 levels may be closely estimated, the relative amounts of systemic and shunted blood re-(uired to produce the observed concentration of N2O in pulmonary arterial blood can be determined.
Since, in the presence of a left-to-right shunt, the pulmonary flow is equal to the systemic flow plus shunt flow, then the amount of N20 passing through the pulmonary cireuit must be equal to the sum of the amounts returned to the heart from the systemic veins and that added by the shunt: Q)a = Qsys + Qsh (1) Since the quantity of N20 traversing any chamber in a given time is equal the product of the blood flow and its N20 concentration, then:
Pilntttonary /flowl (kept) X PA .N20 lest (CpaN20o)= .systetnic flowi (Qsys) X mixed ent1ows N20 test (CV"CN20) + 
QYu' ('(N2O lPaN20
The abov e analysis has been carried out uinder the assuimptioni that the rate of change of concentrationls of N,(0 in the blood of the heart chambers is zero. This represents the so-called "steady state"' solution of the differential equations governing the system. Some preli mniinary mathematical analysis has slhownli that formula 4 is also valid, tinder cioiditions thus far investigated, for the more general case where the concentrations of N20 vary with time.12
The formula derived above is similar to that described by other s13 14 When the N20 arteriovenous difference is used, only the concentration distal to the shunt need be measured, since the concentration proximal to the shunt will be close to 6 per cent of the arterial concentration ( fig. 3) . Thus, by assuming a normal venous level 6 per cent of the arterial one, it is possible to convert all of the N20 percentages into ratios relating pulmonary flow to systemic flow ( fig.  4 ). This figure also demonstrates that if the N20 ratio in blood proximal to the shunt varies from 0 to 10 per cent, the resulting calculation of the magnitude of the shunt is altered only slightly. The enclosed area illustrates that N20 ratios of 40 and 60 per cent correspond to pulmonary flow: systemic flow ratios of 1.5 :1 and 2.5 :1 respectively.
When the results of the N20 tests are expressed as ratios of pulmonary to systemic flow, a basis is provided for comparison with the method of 02 differences. In figure 5 these ratios calculated by both methods, are plotted for 31 patients with shunts and 12 patients without shunts. With the 02 method the 7 patients with small left-to-right shunts (plotted on the abscissa in fig. 5 ) had pulmonary/systemic flow ratios in the range observed among control patients (0.8: 1 and 1.3: 1). Six of these 7 patients had 02 stepups With larger shunts, the ratios of pulmonary to systemic flow determined by the N20 method were not so great as those calculated by the 02 method. In 6 patients the calculated pulmonary flows exceeded 3 times the systemic flows by 02 determinations; in only 1 of these patients did the ratio exceed this value when calculated by the N20 method.
The reliability of a single N20 test for estimating the size of a shunt is demonstrated in figure 6 . Twenty-one patients with either atrial or ventricular septal defects and 4 control patients had tests performed in both the pulmonary artery and right ventricle in the course of the same catheterization. The 2 ratios were within 10 per cent of each other in 21 of the 25 patients, and within 6 per cent of each other in 17 patients. It was of interest that relatively well-mixed blood was obtained in the right ventricular outflow tract in patients with ventricular septal defect; 9 of 12 such patients had right ventricle ratios within 5 per cent of their pulmonary artery ratios.
DISCUSSION
The inhalation of 50 per cent N20 for short periods of time is relatively innocuous. Occasionally a patient experiences slight dizziness after the test, but this is transient. The advantages of this high concentration is that a larger arteriovenous difference is achieved, rendering technical and analytic errors of less importance. Among cyanotic patients, for example, adequate arterial levels were virtually always achieved with 50 per cent N20, while more than half of the tests previously done with 15 per cent N20 were considered unsatisfactory because of low arterial levels.
The need of an earlier sampling period became apparent as increasing numbers of infants and children were studied. In these patients the circulation time is much shorter than in adults with rheumatic heart disease. In children arterial saturation with N20 was frequently complete within 30 seconds, and the venous level often rose to 25 or 35 per cent of the arterial level by the end of the first DIAGNOSIS OF (11R(UI-lA(r)lRY SHUNTS minute of inhalation ( fig. 2) . It therefore became necessary to determine all earlier sampliiig period during which the veCous level ill patients with rapid circulation times would still approximate zero, and yet the arterial level in patients with slow circulation times would be adequate. A study of different sampling periods resulted in the selection of an integrated sample drawn between the tenth and thirtieth seconds of inhalation. This techniic yielded satisfactory tests in more than 95 per cent of patients studied. Ill all occasioiial patient with an exceptionally long circulation time, it is necessary to use a later sampling interval, such as 30 to 50 secoiids. It should be noted that chronic lung disease with impairment of pulmonary diffusion mar also be responsible for a low arterial level.
With the earlier sampling period the venous content never exceeded 15 per cent and was usually less than 10 per ceiit of the arterial content ill control patients. With the original 1-minute sampling period, levels as high a;. 20 per cent ill the pulmonary artery and 30 per cent in the right atrium were observed in control patients. This difference between (chambers has not been observed in the present study and the same diagnostic criteria may now be applied to tests performed in all 3 areas. On the basis of the 130 tests summarized ill figure 3, it is now considered that the diagnoseis of a shunt can be made when the right heart or pulmonary artery level is 20 per cent or more of the arterial level. The al).senice of a shunt is assured by a venous level less than 15 per cent of the arterial level.
Tests between 15 and 20 per cent are equivocal and should be repeated.
It is not difficult to detect large left-to-right shunts by the demonstration of a difference in 0°2 content of blood sampled from the venae cavae, right heart, and pulmonary artery. (fig. 5) .
Calculationis of the magunitude of left-toright shunts from the systemic and pulmonary arteriovenous (O2 differences have long been recognized to be little better than estimates and subject to considerable error.14 The inaccuracies of the method are due in part to the difficulty in obtaining a representative mixed venous sample proximal to the shunt, particularly when caval sampling is necessary in shunts at the atrial level. A larger source of error is introduced as the pulmonary arteriovenious differenee approaches 1.0 vol. per cent.
In this range, the small analytic errors in determining the 02 content of the 2 blood samples can assume very large proportions. This may well be the explanation for pulhonary flows sometimes calculated to be as high as 10 or 15 times systemic flow. The fact that the calculations derived from the N20 test demonstrated only 1 pulmonary flow: systemic flow ratio in excess of 3: 1 would support this hypothesis.
However, the calculation of the size of a shunt from N20 data is also subject to criticism. The arteriovenous difference in N90 content is rapidly changing throughout the test, and the rise in N20 content of peripheral arterial blood lags behind that of shunted blood by the circulation time between the left heart and the peripheral artery used for sam- pling. The use of integrated blood samples averages the changing levels and the dead space in the catheter tends to compensate for the circulation time delay. It is anticipated that comparison of the N20 and 02 miethods in experimental animals with metered flows will indicate the accuracy of each technic. Such studies are now in progress. In terms of clinical evaluation and preoperative selection of patients, shunts need only to be coitsidered as small, medium, or large. The N20 ratios provide a convenient means for such a classification. A pulmonary artery test between 40 and 60 per cent indicates a moderatesized shunt, estimated to produce a pulmonary to systemic flow ratio of 1.5 to 2.5: 1 ( fig. 4) . Pulmonary arterial N20 tests of 20 to 40 per cent indicate relatively small shunts, and ratios over 60 per cent are associated with large shunts. The 21 patients with atrial and ventricular septal defects represented in figure 6 are so divided accordimig to the size of their sbaimts. 
